Although accumulating evidence indicates that tolerance is a plant defence strategy against 35 pathogens as widespread as resistance, how plants evolve tolerance is poorly understood.
6

Results 178
Virus multiplication in Arabidopsis. The level of UK1-TuMV, LS-CMV and JPN1-TuMV RNA 179 accumulation was used to evaluate Arabidopsis resistance to virus infection. Accumulation 180 differed according to the virus (Wald χ 2 2,448=211.52, P=1x10 -4 ), and the interaction between 181 virus and host genotype was significant (Wald χ²34, 448=475.28, P<1x10 -4 ). Thus, we analysed 182 accumulation for each virus separately, considering plant genotype and allometric group as 183 factors. For all three viruses, accumulation significantly differed between Arabidopsis 184 genotypes (Wald χ²≥137.17, P<1x10 -4 ), but not between allometric groups (Wald χ²≤0.41, 185 P≥0.524) ( Supplementary Table S1 ). Thus, the allometric group did not affect the level of 186 resistance.
187
Broad-sense heritability of virus accumulation ranged from moderate to high depending 188 on the virus: h 2 b=0.43, 0.60 and 0.68, for UK1-TuMV, LS-CMV and JPN1-TuMV, respectively
189
( Supplementary Table S2 ). Therefore, there is significant genetic variation among the studied
190
Arabidopsis genotypes for the ability to sustain virus multiplication.
192
Arabidopsis fecundity and mortality tolerance to virus infection. Fecundity and mortality 193 tolerances (slopes of the SW and LP to virus accumulation regression, respectively) differed 194 depending on the virus (Wald χ²2, 48≥143.28, P≤1x10 -4 ). Both tolerance measures were 195 smallest to UK1-TuMV and greatest to LS-CMV, with tolerances to JPN1-TuMV showing 196 intermediate values (Figure 2 and Supplementary Table S1 ). The interaction between virus 197 and Arabidopsis allometric group was also significant (Wald χ²2, 48≥24.36, P≤1x10 -4 ). Thus, 198 fecundity and mortality tolerances were analysed for each virus independently. From here on, 199 results will be presented firstly for the two viruses at the tolerance extremes (UK1-TuMV and 200 LS-CMV), and lastly for the intermediate state (JPN1-TuMV).
201
In general, viruses significantly reduced Arabidopsis fecundity (SWi/SWm<1) ( Figure 3 ).
202
Exceptions were LS-CMV-infected Cum-0 and Ll-0 plants (Group 1) that overcompensated the 203 effect of virus infection (SWi/SWm>1) ( Supplementary Table S1 ). Upon UK1-TuMV infection, 204 fecundity tolerance varied according to the allometric group (Wald χ²1, 16= 23.68, ). The 205 negative slope was stepper for Group 1 genotypes, with none of the infected plants producing 206 seeds, than for Group 2 ones, with only 61.8% of sterilized plants and fertile individuals in 8/11 207 genotypes (Figure 2 and Supplementary Table S1 ). Thus, Group 2 plants had higher fecundity 208 tolerance. All LS-CMV-infected plants were fertile, with stepper negative slopes of the SW to 209 virus accumulation regression for Group 2 genotypes (lower fecundity tolerance) than for 210 Group 1 ones (Wald χ²1, 16= 12.34, ). At odds with UK1-TuMV and LS-CMV infected 211 plants, in JPN1-TuMV-infected plants the slope of the SW to virus accumulation regression did 212 not differ between allometric groups (Wald χ²1, 16=0.83, P=0.362) . However, Group 1 genotypes 7 showed a bimodal response: In Cum-0, Kas-0 and Ll-0 (Subgroup 1a), 50-70% of infected 214 individuals were sterilized and regression slopes were steep. Conversely, infected Cad-0,
215
Cdm-0, Kas-2 and Kyo-1 plants (Subgroup 1b) produced seeds and regression slope were 216 shallower than for Subgroup 1a (Wald χ²1,5= 46.19, P<1x10 -4 ) (Figure 2 and Supplementary 217 Table S1 ). Group 2 genotypes, where 92% of infected plants produced seeds, showed 218 intermediate and significantly different slope values than the two Group 1 subsets (Wald χ²≥ 219 4.61, P≤0.040) ( Figure 2 ).
220
UK1-TuMV also reduced plant survival (LPi/LPm<1) ( Figure 3) , with mortality tolerance 221 differing between allometric groups (Wald χ²1, 16= 29.69, P=1x10 -3 ) and in Group 2 genotypes (Wald χ²1,13=8.34, P=0.004), which showed similar 232 mortality tolerance (Wald χ²1,13=0.83, P=0.363), (Figure 2 and Supplementary Table S1 ). Note 233 that upon infection by UK1-TuMV and LS-CMV Group 1 genotypes did not show this bimodal 234 distribution (Wald χ²≤0.49, P≥0.483) ( Supplementary Table S1 ). 235
Because fecundity and mortality tolerances are genotype-specific rather than plant-236 specific variables, by definition heritability for these traits could not be calculated. and Supplementary Table S1 ). The effect of LS-CMV on RW and SW (Wald χ²1,163≥4.33, 250 P≤0.037), but not on IW (Wald χ²1, 163=1.955, P=0.162) , varied according to the allometric group. 251
238
Relationship between modifications of Arabidopsis life-history traits and tolerance to
For Group 1, the effect of LS-CMV infection on RW was larger than on SW (Wald χ²1, 49=10.89, 252 P=1x10 -3 ), whereas the opposite was observed in Group 2 (Wald χ²1, 102=13.90, P=2x10 -4 ). 253 (SW/RW)i/(SW/RW)m differed between allometric groups (Wald χ²1,163=11.77, P<1x10 -4 ), 254 values being greater than one only for Group 1 (Wald χ²1,60=7.11, P=0.008) ( Figure 3H and 255 Supplementary Table S1 ). Similar trends were observed in JPN1-TuMV-infected plants ( Figure   256 3C), for which (IW/RW)i/(IW/RW)m (Wald χ²1,161=2.66, P=0.003) and (SW/RW)i/(SW/RW)m 257 (Wald χ²1, 161=17.18, ) were also greater for Group 1 than for Group 2 plants, values 258 being similar or greater than one only for Group 1 ( Figure 3I and Supplementary Table S1 ).
259
These results would be compatible with resource reallocation from growth to reproduction in 260 LS-CMV-and JPN1-TuMV-infected Group 1 plants. Again, JPN1-TuMV-infected Group 1 261 genotypes showed a bimodal distribution: RWi/RWm, IWi/IWm and SWi/SWm were smaller for 262 Subgroup 1a than for Subgroup 1b (Wald χ²1,161≥5.65, P≤0.017) ( Figure 3C ), and the same 263 was observed for (SW/RW)i/(SW/RW)m (Wald χ²1,161=5.76, P=0.016) ( Figure 3I ). This ratio was 264 greater than one only for Subgroup 1b genotypes (Wald χ²1, 35=80.95, P<1x10 -4 ), indicating that 265 resource reallocation was associated with fecundity tolerance in this subgroup ( Figure 3I and 266 Supplementary Table S1 ).
267
We also quantified the effect of infection on the plant growth, reproductive and post- Figure 3G and Supplementary Table S1 ). Note that in Group 277 1 genotypes RP and PRP could not be quantified because plants did not produce mature 278 siliques ( Figure 3D and Material and Methods). On the other hand, LS-CMV infection did not 279 affect GP, RP and PRP (Wald χ²1,166≤1.94, P≥0.164) their ratios being always near one in both 280 allometric groups (Wald χ²≤0.76, P≥0.383) ( Figure 3E ). Accordingly, (RP/GP)i/(RP/GP)m and 281 (PRP/GP)i/(PRP/GP)m were also near one (Wald χ²≤2.47, P≥0.116) ( Figure 3H and 282 Supplementary Table S1 ). Exception to this rule was Subgroup 1a, which included Arabidopsis 9 genotypes that overcompensated the effect of LS-CMV infection on SW. These genotypes 284 significantly elongated GP, as indicated by GPi/GPm values higher (Wald χ²1,59=11.885, 285 and Supplementary Table S1 ). Also, (RP/GP)i/(RP/GP)m and (PRP/GP)i/(PRP/GP)m did not 289 differ between groups 1 and 2 and showed values smaller than one (Wald χ²≤0.52, P≥0.470) 290
( Figure 3I and Supplementary Table S1 ). The effect of infection on all plant developmental 291 traits was similar in subgroups 1a and 1b (Wald χ²1,166≤3.77, P≥0.070). 292
In summary, Arabidopsis fecundity and mortality tolerances to UK1-TuMV are 
309
We used the same approach to analyse fecundity tolerance-tolerance trade-offs 
348
For each virus, we also analysed potential mortality-fecundity tolerance trade-offs. No interactions. However, the mechanisms by which tolerance is achieved and the forces shaping 360 its evolution are still poorly understood (Baucom & de Roode, 2011; Pagán & García-Arenal, 361 2018) . Using plant-virus interactions, we tested the hypotheses that tolerances to pathogens 362 with different virulence levels are associated with modifications of different plant life-history 363 traits, and that the evolution of tolerance to a given pathogen depends on trade-offs established 364 with the level of tolerance to others.
365
We showed that Arabidopsis displays genotype-specific fecundity tolerance to the 366 highly virulent virus UK1-TuMV, with plants of the allometric Group 2 having higher tolerance 367 than Group 1 ones. In Arabidopsis, UK1-TuMV infection often prevents seed production 368 (Sánchez et al., 2015; Vijayan et al., 2017; this work) , such that this virus can be considered & Koella, 2004; Best et al., 2010) . Although we did not analyse the costs of resistance and 377 tolerance, our results would support this prediction in that Arabidopsis evolves tolerance to a 378 sterilizing virus rather than resistance: Firstly, half of the Arabidopsis genotypes were not 379 sterilized by UK1-TuMV regardless of virus multiplication, which by definition increases 380 tolerance. Secondly, the level of resistance did not relate with plant fitness, and extreme 381 resistance (immunity) was not detected, indicating that resistance is not associated with the 382 effect of UK1-TuMV on progeny production.
376
383
It should be noted that upon UK1-TuMV infection, infected plants of tolerant 384 Arabidopsis genotypes produced on average 30% of the seeds produced by mock individuals.
385
It could be argued that this level of fecundity tolerance is not effective, i.e., seed production of 386 infected plants is far from that of uninfected ones (Shuckla et al., 2018) . However, 387 mathematical models on the evolution of tolerance to sterilizing pathogens predict that optimal 388 levels of tolerance will not surpass 50% of the progeny produced by uninfected individuals, 389 regardless of tolerance being modelled as a function of host mortality, lifespan or transmission 390 rate (Restif & Koella, 2004; Hall et al., 2007; Best et al., 2010) . Even if we consider 30% of 391 progeny production upon UK1-TuMV infection as a low level of fecundity tolerance, it would be 12 selectively advantageous for Arabidopsis, as it makes the difference between leaving progeny 393 or not. Indeed, various models showed that this level of fecundity tolerance drives the host 394 population out of the pathogen-driven extinction margins, especially at high levels of pathogen 395 prevalence (Boots & Sasaki, 2002; Antonovics, 2009) . Accordingly, experimental analyses in 396 other host-sterilizing pathogen interactions reported similar fecundity tolerance levels 397 (Fredensborg & Poulin, 2006; Vale & Little, 2012) . It is relevant to mention that Arabidopsis 398 fecundity and mortality tolerances to UK1-TuMV were positively associated, whereas upon 399 infection by milder viruses they were not. This observation would agree with models predicting 400 that, for highly virulent parasites, fecundity tolerance is a saturating function of mortality 401 tolerance (Best et al., 2010) , provided that our data is in the linear part of the curve. Altogether, 402 to our knowledge these results would represent the first example of plant tolerance to a 403 sterilizing virus.
404
Fecundity tolerance to UK1-TuMV was associated with genotype-specific modifications 405 of the plant developmental schedule. Particularly, upon UK1-TuMV infection more fecundity-406 tolerant Group 2 genotypes showed shorter growth, and longer reproductive, periods than 407 mock-inoculated plants. This observation agrees with the prediction of the Life-History Theory 408 that bringing forward the age at maturity allows infected hosts to reproduce before they 409 experience the full cost of infection, thus compensating (at least partly) the effect on host 410 fitness (Hochberg et al., 1992; Gandon et al., 2002) . These results are also in agreement with 411 experimental analyses of life-history modifications upon infection by highly virulent parasites 412 in animals (e.g., Agnew et al., 2000; Ebert et al., 2004; Fredensborg and Poulin, 2006) .
413
Bringing forward the age at maturity may have important consequences for Arabidopsis 414 population dynamics. Early progeny production would allow seeds from infected plants to 415 germinate and occupy the most suitable niches before uninfected individuals produce theirs, 416 which represents a competitive advantage (Akiyama & Agren, 2014; Gioria et al., 2018) . This 417 could contribute to compensate the smaller progeny production of infected plants, provided 418 that virus infection does not affect seed viability as shown here. Shorter growth, and longer 419 reproductive, periods of Group 2 genotypes were also associated with higher mortality 420 tolerance to UK1-TuMV. It has been proposed that larger host growth periods caused by 421 pathogen-mediated sterilization allows the storage of reproduction-liberated resources into 422 host growth until the pathogen can exploit them (Jaenike, 1996; O´Keefe & Antonovics, 2002) .
423
This hypothesis is based on the assumption that host resources can be allocated to either host 
13
Arabidopsis fecundity tolerance to LS-CMV was higher in Group 1 than in Group 2 430 genotypes, which was associated with resource reallocation from growth to reproduction, an 431 extensively studied response (Pagán et al. 2007 ,2008 ,2009 , Hily et al., 2014 ,2016 Shuckla et 432 al., 2018) . Notably, our results are in agreement with these previous works even if we 433 quantified tolerance as the slope of the fitness to virus load regression rather than at a single 434 pathogen load, and support the Life-History Theory prediction that hosts would evolve 435 tolerance to milder pathogens (as CMV) through resource reallocation from growth to 436 reproduction (Hochberg et al. 1992; Gandon et al. 2002) . Thus, it could be concluded that 437 Arabidopsis tolerance to plant virus infection is virulence-dependent, which is another 438 prediction of the Life-History Theory. However, our results could be also explained if
439
Arabidopsis life-history trait modifications were virus species-specific, rather than depend on 440 virulence. Indeed, using six Arabidopsis genotypes Shuckla et al., (2018) concluded that 441 fecundity tolerance through resource reallocation was specific to CMV, but these authors only 
455
We failed in finding a negative association between plant resistance and tolerance to 456 the same virus across Arabidopsis genotypes, which indicates the absence of trade-offs 457 between these two defence mechanisms. On the other hand, Arabidopsis could not optimize 458 at the same time tolerances to viruses displaying different virulence levels (negative 459 association between these tolerances), with LS-CMV and JPN1-TuMV (lower virulence) 460 inducing different and mutually exclusive life-history modifications than UK1-TuMV (higher 461 virulence). A number of experimental works reported that pathogen-driven changes in host life-462 history traits can be either genetically determined or the consequence of phenotypic plasticity 463 scenario, the evolution of both fecundity and mortality tolerance to a given virus comes at the 504 cost of higher susceptibility to other(s), which may impose a selection pressure on tolerance 505 and prevent fixation. Hence, more realistic analyses on the evolution of host defences should 506 consider the combined effects of more than one pathogen, and not necessarily in coinfection. (Zhang et al., 1994; Sánchez et al., 1998) by in vitro transcription with T7 RNA polymerase 514 (New England Biolabs, Ipswich, USA), and transcripts were used to infect N. benthamiana 515 plants for virus multiplication. We used a single CMV isolate because previous analyses 516 indicated that, in Arabidopsis, the fraction of the variance in virulence/tolerance explained by 517 the CMV isolate is very low (4%) (Pagán et al., 2007) , which is not the case for TuMV. Indeed,
518
UK1-TuMV and JPN1-TuMV have different levels of virulence in Arabidopsis (Sánchez et al., 519 2015; Montes & Pagán, 2019) . This allowed exploring whether variation in tolerance to TuMV 520 and CMV were species-specific or virulence-dependent.
521
We used ten genotypes representing the Eurasian geographic distribution of the 522 species and eight representing its distribution in the Iberian Peninsula, a Pleistocene glacial 523 refuge for Arabidopsis (Sharbel et al., 2000) (Table 1) . Seeds were stratified for seven days at 524 4 º C in 15cm-diameter pots, 0.43l volume containing 3:1, peat:vermiculite mix. Afterwards, pots 525 were moved for seed germination and plant growth to a greenhouse at 22 º C, 16h light 526 (intensity: 120-150 mol s/m 2 ), with 65-70% relative humidity. In these conditions, plant 527 genotypes conformed two allometric groups (Table 1 and Supplementary Figure S1) as 528 previously described (Pagán et al., 2008) . Because plant allometry has been repeatedly 529 reported as a relevant factor to understand Arabidopsis tolerance to virus infection (Pagán & 530 García-Arenal, 2018) , allometric group was considered as a factor in all analyses. Plants were 531 mechanically inoculated, either with N. benthamiana TuMV-and CMV-infected tissue ground 532 in 0.1M Na2HPO4+0.5M NaH2PO4+0.02% DIECA, or with inoculation buffer for mock-533 inoculated plants. Inoculations were done when plants were at developmental stages 1.05-534 1.06 (Boyes et al., 2001) . After inoculation, all individuals were randomized in the greenhouse.
535
For each Arabidopsis genotype, seven to ten plants per virus were inoculated, and other seven 536 were mock inoculated. 546 gene, respectively (Lunello et al., 2007; Hily et al., 2014) . 585 586 Statistical analysis. Analysed traits were not normally distributed, and variances were 587 heterogeneous. Therefore, differences between viruses, plant genotypes and allometric 588 groups/subgroups were analysed by Generalized Linear Mixed Models (GzLMMs) considering 589 virus as fixed factor, and Arabidopsis genotype as random factor, which was nested to 590 allometric group/subgroup (considered as fixed factor). Trade-offs between resistance, 591 fecundity tolerance and mortality tolerance were analysed using Spearman's test. Tolerance-592 tolerance trade-offs according to virus and plant allometric group/subgroup were analysed 593 using Generalized Linear Models (GzLMs), considering both as fixed factors. Broad-sense 
